The effect of grating diffraction on metal-semiconductor-metal photodetector temporal response is shown to be significant, and largest for devices with electrode periods less than the optical wavelength. This is related to a polarization dependence of the initial photogenerated carrier densities and distributions. With subpicosecond illumination, the measured difference in peak temporal signal for orthogonal polarizations was up to three times larger than that of the time-integrated photocurrent, and risetimes differed by as much as 30%. Transmission efficiencies obtained from coupled-wave analysis of metal grating structures on GaAs show excellent agreement with the time-integrated photocurrent measurements. © 1994 American Institute of Physics.
Metal-semiconductor-metal photodetectors ͑MSM-PDs͒ are of technological importance due to their large bandwidth, high sensitivity, and ease of integration with existing GaAs manufacturing technology. [1] [2] [3] [4] Recent research has demonstrated a large polarization dependence of MSM-PD efficiency when the electrode period (⌳) is comparable to the wavelength of the incident light ͑͒. 5, 6 This has potential impact in how MSM-PDs can be used in the near infrared. Polarization insensitive devices require special electrode patterning 7 or ⌳ӷ. When used as a polarization analyzer/ detector, MSM-PDs provide the ability to double the bandwidth of polarization-preserving fiber-optic transmission systems, as well as allowing greater control over device response via the polarization dependence of the density and spatial distribution of photogenerated carriers.
In this letter, we show that the temporal response of MSM-PDs is influenced by the polarization dependence of the transmission efficiencies of the electrodes and initial carrier distributions. With subpicosecond pulsed excitation, a large difference was observed in both the time-integrated photocurrent ͑TIP͒ and peak MSM-PD signal for incident light linearly polarized parallel ͑TE͒ and perpendicular ͑TM͒ to the electrode fingers. The ratio of TIP for TE and TM orthogonal polarizations was found to be consistent with the ratio of transmission efficiencies obtained from a coupledwave analysis 8, 9 of the electrode structure for ⌳Ͼ2.0 m, but deviated for smaller structures due to a reduction in photogenerated carrier collection. The corresponding ratio of peak signals was consistently larger than the TIP ratio, by as much as a factor of three for ⌳ϭ400 nm. Risetimes of the ⌳ϭ400 nm MSM-PD also showed a measurable polarization dependence. The ratios of the peak signal and TIP for TM and TE polarizations were found to be functions of the electrode period ͑for fixed ͒, being largest for ⌳Ϸ and approaching unity when ⌳ӷ, consistent with geometric optics. Based on these observations, we identify three aspects to MSM-PD temporal response: ͑1͒ due to a grating effect the amount of light which enters the substrate ͑and consequently the carrier density͒ is polarization dependent; ͑2͒ the light which enters the substrate is distributed among numerous diffraction modes. The relative distribution is polarization dependent, creating a polarization dependent initial carrier distribution; ͑3͒ the photogenerated carriers migrate and are collected at the electrodes, a process which is indirectly polarization dependent due to the density dependence of carrier screening. Based on these results, we discuss future MSM-PD designs which optimize device response.
This study examined four MSM-PDs with periods spanning 400р⌳р5000 nm, a range over which both carrier dynamics 3,10 and manufacturing technology change radically. Two MSM-PDs were produced with 20ϫ20 m 2 electrode areas using photolithography to pattern 250 nm thick Au/ Pt/Ti electrode fingers on SI-GaAs substrates. The electrode periods were 2500 and 5000 nm with finger widths (a) of 1000 and 2000 nm, respectively. The remaining two devices were produced with electrode areas of 10ϫ10 m 2 using electron beam lithography to pattern 110 nm thick Au/Ti electrode fingers with ⌳ϭ400,800 nm and aϭ200,400 nm, respectively. Each MSM-PD was integrated into a 50 ⍀ coplanar waveguide. The impulse response of each device was measured using a time resolved, superstrate electro-optic sampling system 11 with a temporal resolution of 400 fs and sensitivity of 1 mV/ͱHz. A commercial mode-locked Ti:sapphire laser ͑ϭ763 nm, pulse widthϭ110 fs, 76 MHz repetition rate͒ was used for both pump and probe beams. The pump beam was focused to an e Ϫ1 spot size of 20 m, and was incident at 20°from the normal, with the grating vector of the MSM-PD electrodes lying in the plane of incidence. A lock-in amplifier and electronic mixer were used to increase the signal-to-noise ratio. 12 The MSM-PDs were biased with a regulated power supply, and the TIP obtained with a picoammeter.
The impulse response of the ⌳ϭ400 nm device to three different excitation conditions is shown in Fig. 1 . Curves A and C correspond to the response for TE and TM polarization, respectively, with 25 W of average incident power and 2.0 V bias. The peak signals for these two curves differ by a factor of 6.0; the corresponding TIPs differ by only a factor of 2.8. To determine if the observed difference was due solely to a difference in transmission efficiencies for the two polarizations, the incident power was increased to 119 W for the TE polarization, at which point the TIP equaled that of the TM polarization study. The MSM-PD impulse response under these conditions, shown as curve B in Fig. 1 , achieves only 63% of the peak signal of curve C and displays a slower decay, which is evident from the normalized curves shown in the inset. There is also a difference in the 10%-90% risetimes, 1.65Ϯ0.15 ps versus 1.43Ϯ0.10 ps for curves B and C, respectively. Hence, with the same number of photogenerated carriers being collected, the TE polarization response is slower to turn on, shows a longer decay and generates a smaller peak signal.
The ratio of the peak signal for TE and TM polarizations, and the corresponding ratio of the TIP, as a function of electrode period is shown in Fig. 2 . For these results, the device bias was chosen to keep the average electic field in the substrate large without risking device breakdown ͑100 kV/cm for ⌳ϭ400,800 nm, 17 kV/cm for ⌳ϭ2500,5000 nm͒, and low average incident power to reduce carrier screening effects ͑25 W for ⌳ϭ400,800 nm, 50 W for ⌳ϭ2500, 5000 nm͒. As the electrode period increases, the ratio of both the peak signal and the TIP approach unity, consistent with geometric optics. For all four devices, the TM polarization produces the largest TIP and peak signal ͑ratios less than unity͒. Also shown in Fig. 2 is the ratio of the total transmission efficiencies for TE and TM polarizations obtained from a coupled-wave analysis 8, 9 of a gold lamallar grating structure on a GaAs substrate for a 20°angle of incidence. Full details of the simulation will be published elsewhere. 13 There is excellent agreement between the simulation results and the ratio of the TIP for the ⌳ϭ2500,5000 nm devices. The discrepancy observed between the measured TIP ratio and the results of the coupled-wave analysis for the ⌳ϭ400,800 nm devices is believed to be due to the increasing effect of carrier screening as ⌳ decreases. Moglestue et al. 3 have shown that the magnitude of the electric field at a depth of ϳ⌳ in the substrate in the middle of the electrode fingers drops by more than an order of magnitude from the field at the surface, and is strongly influenced by carrier screening. As the absorption depth in GaAs for ϭ763 nm light is ␣ Ϫ1 ϭ630 nm, for ⌳Ͻ1000 nm, a significant fraction of the photogenerated carriers are deposited in low-field regions. This effect, coupled with the large difference in transmission efficiencies for TE and TM polarizations for ⌳р produces a polarization dependent screening of the bias field. For the ⌳ϭ400,800 nm devices, this results in a polarization dependent collection efficiency, and a lower than expected ratio of TIPs.
The fast response of an MSM-PD, characterized by the risetime ͑typically 1-2 ps͒ and peak signal, is dominated by carrier sweepout from the regions of high electric field adjacent to the electrodes and by displacement currents induced by carrier screening. The enhancement of the peak signal ratios for the four MSM-PDs studied, which cannot be explained by the difference in transmission efficiency for TM and TE polarizations, is evidence of the polarization dependent deposition of carriers near the electrodes. This effect is largest for the ⌳ϭ400 nm MSM-PD because, relative to the other three devices, the largest proportion of photogenerated carriers are produced near or under the electrodes. This is supported by the results of risetime studies of the ⌳ϭ400 nm MSM-PD, shown in Fig. 3 . The risetime increases from 0.8 to 2.3 ps for the TE polarization as the power is increased from 7 to 50 W, then falls to a value of 1.6 ps at higher powers. Although there is some evidence of a small increase in the risetime for the TM polarization at low powers ͑ϳ15 W͒, the risetime does not vary by more than 0.2 ps from the high power value of 1.4 ps. We suggest that this peaked behavior is due to the competition between carrier screening FIG. 1. Impulse response of ⌳ϭ400 nm MSM-PD obtained from electrooptic sampling for: ͑A͒ TE polarization, 25 W average incident power, ͑B͒ TE polarization, 119 W incident power, and ͑C͒ TM polarization, 25 W incident power. Inset shows curves ͑B͒ and ͑C͒ normalized to the maximum signal.
FIG. 2. Ratio of time-integrated photocurrent ͑᭡͒ for TE and TM polarizations and corresponding peak MSM-PD signal ratios ͑᭹͒ vs electrode period. The solid curve shows results from two coupled-wave analyses of a gold lamellar grating on GaAs with dϭ110 nm, aϭ0.5⌳ ͑⌳Ͻ2000 nm͒ and dϭ250 nm, aϭ0.4⌳ ͑⌳Ͼ2000 nm͒ for a 20°angle of incidence. The dashed line is a guide to the eye and represents a ratio of unity.
of the bias field slowing carrier collection and the increase in displacement currents induced by the more rapid collapse of the bias fields at high carrier densities. Scaling the results of Fig. 3͑a͒ to account for the larger transmission efficiency of the TM mode produces approximate overlap of the peaks in risetime, but does not explain the large difference in these risetimes ͑2.3Ϯ0.3 ps versus 1.6Ϯ0.1 ps͒. We attribute this to a difference in initial carrier distributions for TE and TM polarizations.
Based on this work, future designs and applications involving MSM-PDs can take advantage of the polarization dependence of both the transmission efficiency and the initial carrier distributions to improve device response. Transmission efficiency in excess of 80% is possible for ⌳Ͻ, versus ϳ30% in the limit of ⌳ӷ. It should be possible to offset the reduction in collection efficiency due to carrier deposition in regions of low field ͓␣ Ϫ1 ()Ͼ⌳͔ with the use of heterostructure substrates. 14 The enhanced peak signal of the impulse response is equivalent to an increase in device efficiency, and its relative contribution to the time integrated signal will be largest for recombination limited devices such as those grown on LT-GaAs, and for devices with /nϽ⌳ Ͻ, where n is the optical refractive index of the substrate.
In conclusion, we have demonstrated a polarization dependent enhancement of MSM-PD peak response over the time integrated photocurrent response due to a polarization dependence of both the transmission efficiency of the electrode structure and the initial carrier density and distribution. Coupled-wave analysis of gold lamellar gratings on GaAs produced excellent agreement with the measured photocurrents for large electrode spacings ͑⌳Ͼ2 m͒ but deviates for smaller structures due to a decrease in the collection efficiency of carriers generated in regions of low field. Risetime studies confirm the polarization dependence of the initial carrier distribution near the electrodes.
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